The objective of the present study was to calculate physical property values for steels from their chemical compositions for subsequent use in mathematical models of the fluid flow, heat transfer and shell solidification in the continuous casting mould. Values of the following properties of steels are calculated for temperatures between 298 K and 2 000 K; Heat Capacity (C p ) Density (ρ) Thermal conductivity (k) and diffusivity (a) Electrical resistivity (R) Viscosity (η) Surface (γ m ) and Interfacial tension (γ msl ). In addition temperatures of transitions (Liquidus T liq , Solidus T sol ) and various solid state transitions were also calculated. Ferritic and austenitic phases of Carbon -and stainless steels are both covered. The associated software is available on the following websites (i)
Introduction
Recent mathematical models, coupling fluid flow, heat transfer and shell solidification in the continuous casting mould, have been shown to be capable of providing (i) reliable values for the horizontal heat flux and powder consumption and (ii) insight into the mechanisms responsible for defect formation. 1, 2) However, these models require input data for the physical properties of both the steel and the mould powders used in the casting. Physical property determinations are both time-consuming and expensive. Thus it is unreasonable to use measured property data for all the steels being continuously cast. Consequently, in this study relations between property values for various types of steel and their chemical compositions are explored to provide property data for a wide range of steels since chemical composition data are routinely available. A similar study has been carried out for the mould powders in Part 1 of this communication.
3) The predicted physical property values can then be used as input data in the mathematical model to then calculate the fluid flow, microstructure, etc.
Thus the objectives of the study were: (i) To provide values of the physical properties of various steels calculated from their chemical compositions, and
Calculation of Steel Properties
The physical properties of steels in the solid state are affected by the nature of the phase formed in the steel (i.e. ferrite or austenite). Thus differences in elemental concentrations (e.g. % C) tend to have a much larger effect on the property values when they result in a phase change from ferrite to austenite or visa-versa than when there is no phase change involved. Thus it important to determine whether a steel is ferritic or austenitic, or a mixture of the two phases. In order to demonstrate these property differences, calculations have been carried out for two steels (a peritectic, low alloy steel and an austenitic, stainless steel); the compositions are given in Table 1 .
Calculation of Steel Composition
The chemical composition of the steel is first normalised to 100% and then mole fractions (X) are calculated. The mean molecular weight (M) of the steel is also calculated.
Classification of Steels
A directory has been developed to interrogate the composition to determine whether:
(i) a steel was to be classified as a low alloy or a stainless steel, and
(ii) it forms austenite or ferrite or a mixture of the two phases (i.e. peritectic). In this study a steel was classified as a stainless steel if it contained > 8% Cr.
The scheme used to differentiate between the steels is that devised by Wolf 4, 5) and involves the calculation of the parameters, ferrite potential (FP) and carbon potential (CP) which are defined in Eqs. (1) and (2) . Wolf 4, 5) introduced the term "ferrite potential" as a measure of the amount of peritectic reaction occurring in the steel. Although the ferrite potential is affected by the carbon content, it is also affected by other alloying elements; some of these elements stabilise the ferrite (e.g. Cr, W, Mo, Al and Si) whilst others stabilise the austenite phase (e.g. Ni, Mn, Co, N and Cu). For low-alloy steels, the ferrite potential (FP) can be calculated by Eq. (1) where CP is the carbon potential which is determined using Eq. (2). 
The phase is considered to be ferrite when FP > 1.05 and to be austenite when FP = <0.8.The peritectic reaction is at a maximum at FP = 1.0 and the range, FP = (0.8 to 1.05), corresponds to the crack-sensitive range for steels. The peritectic range occurs between CP values of 0.06 and 0.17 and approximate values of fraction of ferrite (denoted f α ) formed are calculated by Eq. (3). For accurate values of fractions ferrite and austenite the reader is advised to consult thermodynamic software packages. For stainless steels the FP is calculated from the ("Ni"/ "Cr") ratio using Eq. (4) 4, 5) where "Ni" and "Cr" are defined in Eqs. (5) and (6), respectively. An approximate value for the fraction ferrite in stainless steels is calculated 4, 5) from Eq. (7). 
Calculation of Transition Temperatures
The thermodynamic temperature scale (K) is used throughout this paper except where certain authors have used Celsius in their equations; these were changed to K in the calculations. Routines for calculating approximate values of the transition temperatures are described below since the properties are affected by the nature of the phase formed in the steel; for accurate values of these transition temperatures the reader should refer to thermodynamic software predictions.
Liquidus Temperature (T liq )
Several studies have reported equations relating liquidus temperatures as a function of the chemical composition of the steel. [6] [7] [8] [9] [10] [11] [12] In addition, Jablonka et al. 12) reported equations to calculate T liq values for steels based on the Fe-C system for ferrite (T liq (K) = 1 811 − 79%C) and austenite i.e. for steels with C% > 0. 16 (56. (1 811 K − T liq ) 2 ). The T liq values for the steel calculated here for both low alloy and stainless steels were derived using Eqs. (8) to (11) due to Miettinen and Howe.
11)
The steels are classified according to the phase formed on solidification and interactions between elements are taken into account eg. interaction between Cr and C on T liq is covered in Eq. (8) (11) 2.3.2. Solidus Temperature (T sol ) Jablonka et al. 12) reported the following relations for the solidus temperature (T sol ) of ferritic (T sol (K) = 1 811 − 460% C) and austenitic steels (T sol (K) = 1 811 − 185% C) based on the Fe-C system. Since the alloying elements have a significant effect on both T sol and T liq (see Eqs. (8) to (11)) it is not possible to use these relations to estimate T sol for the wide compositional range covered in this study. Consequently, in the calculation of physical properties it has been assumed that fusion takes place abruptly at T liq .
Solid State Transition Temperatures (T)
There are several solid state transitions in the Fe-C system. Jablonka et al. 12) reported the following relations to calculate transition temperatures for the Fe-C system; at the present time no corrections have been made for the effect of alloying elements on the various transition temperatures. Eqs. (12), (13) and (14) have been adopted to calculate the effects of C content on the transition temperatures for (γ→δ) and (α + γ→γ), respectively. 
. (14)
Transition α γ
Heat Capacity (C p ) and Enthalpy (H T -H 298 )
The C p and enthalpy are calculated using partial molar values (shown in Eq. (16) where P is the property being studied, X i is the mole fraction of components of steel such as Fe, Cr, Mn, Ni etc.). The temperature dependence of heat capacity (C p ) for the solid phase is usually expressed in the form of Eq. (17) where a*, b* and c* are constants and the enthalpy (H T -H 298 ) is given by Eq. (18) . However, C p -T relations for Fe alloys contain a sharp peak in C p around 1 020 K due to the magnetic transition but the magnitude of the enthalpy associated with this transition tends to decrease with increasing alloy addition in steels, This makes it difficult to model. Consequently, the coefficients for a*, b* and c* for Fe were obtained in the form of Eq. (18) Figs. 1(a) and 1(b) , respectively. It can be seen that C p and enthalpy are little affected by composition.
Density (ρ)
Low alloy steels The molar volume (V) of the steel at 298 K was calculated using partial molar volumes of the various steel components (Eq. (22)). The density (ρ) can be calculated from the molar volume by using Eq. (23) 
Ferritic steels
The density of steel is also affected by the carbon content, Consequently, a correction was applied for the effect of carbon. The relations reported by Jablonka et al., 12) shown in Eq. (24), were used where g = 2.62 × 10 − 2 for the α and δ phases and 1.46 × 10 − 2 for the γ phase. Austenitic steels Austenite has a higher density than ferrite. Jablonka et al. 12) reported the following relation for austenite, where T* = {T(in K) − 273}. This equation was extrapolated to lower temperatures to calculate density values for the range, 298 K to T α→γ . However, corrections were made for the effect of C content and the alloying content on ρ 298 γ ,Fe . 
Liquid steel
The density of the liquid at T liq (denoted by the superscript m ) was calculated using Eq. (27). Jablonka et al. 12) reported Eq. (28) for the effect of carbon on ρ T,Fe for the liquid phase. Thus the density of the liquid was calculated by combining ρ m liq with the dependencies of density on the C content and temperature 12) ]; as shown in Eq. (28). by (1 − 0.01%C). 12) These values were found to be in good agreement with the adopted values.
The calculated density values for low alloy and austenitic stainless steels are shown in Fig. 2 .
Stainless steels
The densities of stainless steels were calculated using the empirical relation shown in Eq. (29).
13) It should be noted that although the ferrite to austenite transition is accompanied by an increase in density (Δρ) the values of ρ 298 for the two phases are similar because Δρ is largely offset by the higher thermal expansion coefficient for austenite. The linear thermal expansion coefficient (α) for austenitic stainless steels is given in Eq. (30). The expansion coefficient for ferrite is significantly lower than that of austenite for temperatures between 298 and 1 000 K as can be seen from Eq. (31) 13) but increases abruptly for temperatures above 1 000 K with the formation of austenite (Eq. (32)) 298 1 000 10 10 2 0 6 10 298 
Thermal Conductivity (k) and Diffusivity (a) and
Electrical Resistivity (R) 2.6.1. Thermal Conductivity (k)
Experimental measurements of the thermal conductivity (k) of molten metals are prone to errors arising from contributions from convection; these errors are accentuated by the low viscosities of metals. Values for the solid state are affected by the microstructure, which is, in turn, affected by the thermal and mechanical histories of the sample. Consequently, values cited here refer to annealed alloys i.e. with minimum resistivity. At high temperatures electronic conduction in metals is dominant 15) Consequently, it has been proposed 15) The thermal conductivity of ferrite (k α ) at 298 K is significantly higher than that of austenite (k γ ). However, α-ferrite transforms to γ-austenite around. 1 180 K in most low alloy steels and k γ has a value of 25.4 Wm − 1 K − 1 at this temperature.
16) The k-T relations for temperatures between 298 K and T α→γ can be expressed in the form of Eq. (39) for both austenitic and ferritic steels. Note that values for the temperature coefficient (dk/dT) in this range will be negative for ferritic steels and positive for austenitic low-alloy steels 40); the values for the δ-phase were derived by extrapolating the relation for the γ-phase to T liq . Note the calculated values are independent of the alloy composition in this range; any uncertainties due to composition were found to be within experimental uncertainties 14) The calculated values of k eff T for low alloy and austenitic stainless steels are shown in Fig. 4(a) and the equivalent thermal diffusivity values are given in Fig. 4(b) . It can be seen from Fig. 4(a) that (i) k α > k γ for temperatures between 298 K and 1 000 K (ii) the temperature coefficient (dk/dT) is negative in ferrite but is positive in both austenite and the liquid (iii) there is a small decrease in thermal conductivity and diffusivity on fusion.
Stainless steels Values of k eff 298 can be calculated by deriving values for k el using a combination of Eqs. (35)-(38) . The values of k T for austenitic steels are little affected by changes in chemical composition, so values of k T above 1 100 K can be calculated using Eq. (37). Alternatively, k eff can be calculated for austenitic stainless steels by using Eq. (41) for temperatures between 298 K and T liq . Values of the thermal conductivities of ferritic stainless steels are also little affected by differences in concentrations of the alloying elements. However, ferritic stainless steels undergo a magnetic transition at ca. 1 000 K so two equations are needed to describe the temperature dependence of k. Thus Eqs. (42) and (43), respectively, describe k values in the temperature ranges (298-1 100 K) and (1 100 −T liq K). Uncertainties of ± 5% and ± 10% in the k values were reported for austenitic and ferritic stainless steels, respectively. The calculated values for the thermal diffusivity are given in Fig. 4(b) . It should be noted that experimental values of thermal diffusivity show a sharp valley around 1 000 K due to the peak in C p caused by the magnetic transition. The calculated C p values do not contain this C p peak; thus there is no pronounced valley in the calculated thermal diffusivity values.
Electrical resistivity (R) and conductivity (κ) There is little demand for electrical resistivity values in the modelling of the continuous casting process. However, electrical resistivity values are calculated in the derivation of thermal conductivity values and electrical resistivity data for steels are needed for other steelmaking processes. Electrical resistivity values are cited in units of 10 − 8 Ω m (i.e. 70 × 10 − 8 Ω m = 700 nΩ m).
Low alloy steels
The electrical resistivity of a steel at 298 K is calculated using Eqs. (36) 
Stainless steels
The electrical resistivities are calculated for austenitic and ferritic steels using Eqs. (45) and (46), respectively. 
Viscosity (η) Low alloy steels
The experimental uncertainties for measurements on pure iron are about ± 0.5 m Pas or about ± 10%. Steels are less pure and contain non-metallic inclusions which increase the viscosity; thus experimental uncertainties associated with viscosity measurements on steels are probably ca. ± 20%. With this level of experimental uncertainty it is difficult to determine the effect of alloy concentrations (e.g. Si%, C%) on the viscosity. For this reason, the viscosity of steel was taken to be that of pure iron (given by Eq. (47). 14) However, this relation was amended (see Eq. (48)) to allow for the effects of (i) alloying elements and (ii) non-metallic inclusions on the viscosity. The calculated results are shown in Fig. 5 . 
Stainless steels
The following relation was derived from measurements of the viscosity of a stainless steel using oscillation viscometry. 13, 17) ln mPas T η ( It can be seen from Fig. 5 that the viscosity values calculated for the two steels using the different methods lie within ± 10% of one another.
Surface Tension (γ m ) and Interfacial Tension (γ ms )
Surface tension of steel (γ m ) The surface tension of steel (γ) and its temperature dependence (dγ/dT) are both very sensitive to the concentrations (ppm levels) of soluble O and S contents of the steel. However, most steels contain Al contents of > 50 ppm, and these Al levels are sufficient to hold the soluble O content to ca. 5 ppm. Most alloying elements have little effect on the soluble S levels (the exceptions being Ca and the rareearths). For this reason, the soluble S content approximates to the total S content. Thus, the surface tensions of steels are sensitive to the S content of the steel. Consequently, Eq. (50) due to Su 18) has been used to calculate the surface tensions of liquid iron. The effects of alloying elements can be taken into account by (i) using density data for the elements and the method of Butler 19) or (ii) by using a partial molar approach for the alloy (excluding the S,O i.e. The calculated surface tension values for low alloy and stainless steels are shown in Fig. 6 . It can be seen that:
(i) The surface tension decreases with increasing S content. (ii) The temperature coefficient (dγ/dT) becomes increasingly positive with increasing c S content; (dγ/dT) is negative for 10 and 20 ppm S but is slightly positive for 50 ppm S but becomes progressively more positive with increasing S contents. Stainless steels A similar relation (Eq. (51)) has been reported which allows the surface tension of stainless steels to be calculated. 13, 21) The temperature coefficient (dγ/dT) can be calculated using Eq. (52). by the S content of the steel. 
Emissivity (ε)
Low alloy steel Emissivity is also a surface property. In practice, it is affected by the nature of the oxides formed in the surface layers with ε values varying from (0.1-0.3) for high vacuum conditions to 0.7 for oxidised conditions. Consequently, the emissivity values are affected by the partial pressure of oxygen (p O2 ). Since the atmosphere in the continuous casting mould is very reducing, the emissivity values reported here refer to low p O2 values. The values of the total normal emissivity (ε TN ) of pure Fe 14) were adopted for the steel; the following relations were used: The calculated values for a low alloy steel are shown in Fig. 7 . 
Stainless steel
Total normal emissivity values 22, 23) reported for an austenitic, stainless steel are higher than those cited for low alloy steels; these data can be represented by Eq. (58). It can be seen that the values are in good agreement with the values for austenite in the low alloy steel. 
